Understanding the origins and roles of cardiac progenitor cells is important for elucidating the pathogenesis of congenital and acquired heart diseases 1, 2 . Moreover, manipulation of cardiac myocyte progenitors has potential for cell-based repair strategies for various myocardial disorders 3 . Here we report the identification in mouse of a previously unknown cardiac myocyte lineage that derives from the proepicardial organ. These progenitor cells, which express the T-box transcription factor Tbx18, migrate onto the outer cardiac surface to form the epicardium, and then make a substantial contribution to myocytes in the ventricular septum and the atrial and ventricular walls. Tbx18-expressing cardiac progenitors also give rise to cardiac fibroblasts and coronary smooth muscle cells. The pluripotency of Tbx18 proepicardial cells provides a theoretical framework for applying these progenitors to effect cardiac repair and regeneration.
Emergence of recent data has generated a paradigm shift for our understanding of cardiogenesis, with consequent implications for an understanding of cardiac progenitors and the aetiology of congenital heart disease. It was recognized that cardiac muscle cells derived from precardiac mesoderm subsequently form the primitive heart tube. More recently, the discovery of the secondary or anterior heart field, which contributed cells to the outflow tract and potentially to the right ventricle, suggested the presence of two distinct cardiac lineages 4 . Subsequent lineage studies based on expression of the LIM homeodomain transcription factor Islet 1 (Isl1), and retrospective clonal analysis in the mouse, have confirmed two cardiac lineages, the first and second lineage, based on their timing of entry into the heart and the timing of their differentiation [4] [5] [6] . Here we report a previously unknown myocardial lineage, derived from Tbx18-expressing epicardial cells, that makes a substantial contribution to the heart. Previous studies in avian species have demonstrated that the proepicardium and/or epicardium is a source for coronary vascular progenitors and cardiac fibroblasts [7] [8] [9] . During embryogenesis, cells from the proepicardium emigrate to form the epicardium-the epithelial outer lining of the heart. Epicardial cells undergo an epithelial-to-mesenchymal transition and invade the heart, giving rise to vascular endothelial cells, coronary vascular support cells and adventitial fibroblasts [7] [8] [9] . Recently, regeneration of the zebrafish heart has been shown to be associated with re-activation of an early marker of the proepicardium/epicardium, the T-box transcription factor Tbx18 (refs 10, 11). Tbx18-expressing cells appear to cluster at the wound site of zebrafish heart, with concurrent appearance of neo-vasculature during regeneration 10 .
To facilitate visualization of Tbx18 expression, we generated an nlacZ (nuclear lacZ) knock-in into the endogenous Tbx18 locus in mouse ( Supplementary Fig. 3 ), and found that nlacZ expression mirrored that of the endogenous Tbx18 gene ( Fig. 1 and Supplementary Fig. 2 ). Neither Tbx18 mRNA nor Tbx18:nlacZ expression are observed within the heart up to embryonic day (E)11.5 ( Fig. 1) . To investigate epicardial lineages in the mouse, we also generated a Cre knock-in into the endogenous Tbx18 locus ( Supplementary  Fig. 5 Supplementary Figs 2  and 7a, b) . In contrast to active expression of Tbx18, lineage analysis revealed the presence of Tbx18-derived lineages within the heart by E10.5 in the region of the forming ventricular septum and in scattered regions within both ventricular walls and atria (Fig. 2d-f and Supplementary Fig. 7b ). Co-immunostaining with cardiac troponin T (cTnT, also known as cTnnt), cardiac troponin I (cTnI, also known as cTnni), MF20 (a sarcomeric myosin antibody) and the transcription factors Gata4 and Nkx2.5 demonstrated that these Tbx18-derived cells were cardiomyocytes (Fig. 2g-i and Supplementary  Fig. 6 ). Tbx18-lineage-traced, Nkx2.5-positive cells could first be observed within the heart at E9.75 ( Supplementary Fig. 6a ).
Complementary lineage studies using an organ explant culture system were consistent with Tbx18:Cre/R26R lacZ lineage studies. Outer epicardial cells of embryonic hearts (E11-E13) were selectively labelled with 5-(and 6-)carboxyfluorescein diacetate succinimidyl ester (CFSE) 13 . Hearts harvested at time 0 exhibited specific labelling of the epicardium ( Supplementary Fig. 7c ). After culture for 18-24 h, fluorescently labelled epicardial cells were observed within the heart, and expressed cTnT ( Supplementary Fig. 7d-f) .
In contrast to earlier stages of heart development, cells actively expressing Tbx18 are present within the heart at E12. 5 (ref. 14) . We examined sections from Tbx18:nlacZ mice from E10.5 to E17.5 and from neonatal stages using X-gal staining to detect b-galactosidase enzyme, encoded by the lacZ gene. (Fig. 1f, g and Supplementary Fig.  4d -f, data not shown for other stages), and by co-immunostaining with b-galactosidase antibody and cell-type-specific markers including cTnT and Nkx2.5 (myocytes), Pdgfrb (vascular support cells 15 ) and Pecam1 (endothelial cells). Results demonstrated that cells actively expressing Tbx18 within the heart at or after E12.5 were neither myocytes (Nkx2.5-negative, Supplementary Fig. 4a -c, data not shown for other stages) nor endothelial cells (Pecam1-negative, data not shown). Using mice containing a fibroblast-specific promoter from the Col1a2 gene driving expression of a fusion protein in which cre recombinase is fused to a tamoxifen-inducible mutant oestrogen receptor (ER(T)) 16 , and the Tbx18-floxed nlacZ/nGFP (nuclear green fluorescent protein) allele ( Supplementary Fig. 3 ), we demonstrated that some Tbx18-expressing cells were fibroblasts ( Supplementary Fig. 4g ). Also, a population of Tbx18:nlacZ cells coexpressed Pdgfrb (Supplementary Fig. 4h panels 1-6), a marker of vascular support cells (both pericytes and vascular smooth muscle) 15 . Tbx18-expressing fibroblasts were not stained with the Pdgfrb antibody ( Supplementary Fig. 4i , panels 1-6), demonstrating that both fibroblasts and vascular support cells actively express Tbx18 within the heart. Active expression of Tbx18 was not observed in cardiomyocytes, except within the sinus horns 17 . Adult lineage analysis revealed that Tbx18 derivatives were observed in the differentiated smooth muscle of the coronary vessels (Fig. 3a , b, c (insets 2 and 3), h, green or white arrows), including the coronary arteries, as evidenced by co-localization of b-galactosidase antibody with neuropilin-1 (NP-1, also known as Nrp1; Fig. 3i ), a specific marker for arteries 18 . Tbx18 expression was maintained in some coronary vascular smooth muscle cells (Fig. 3j, k) . At adult stages, a substantial population of ventricular and atrial myocytes were observed to derive from Tbx18-expressing progenitors (Fig. 3c-f and Supplementary Fig. 8 , black or white notched arrows). Cardiomyocytes isolated from Tbx18:Cre/R26R lacZ -lineage-traced hearts exhibited X-gal-positive staining (Fig. 3g) . Calcium transient analysis performed on myocytes isolated from Tbx18:Cre/R26R EYFPlineage-traced adult hearts demonstrated no differences between Tbx18-labelled myocytes and their non-labelled counterparts ( Supplementary Fig. 9 ). Tbx18 descendant cells also contributed significantly to the atrioventricular valves (Fig. 3c, inset 4) . Colocalization of Tbx18-derived cells with endothelial lineages (as marked by Pecam1) was not observed in either embryonic or at adult stages (Fig. 3l) .
Because previous studies have demonstrated that epicardial cells give rise to coronary endothelial cells [7] [8] [9] 19 , we verified immunohistochemical results by X-gal staining of affinity-purified endothelial cells isolated from Tbx18-lineage-traced hearts (Fig. 3m-o) . Purified cardiac endothelial cell fractions did not contain Tbx18-lineage-positive cells (Fig. 3o, right panel) . We then investigated whether the proepicardium contained endothelial lineages distinct from Tbx18-expressing cells. Immunostaining demonstrated a population of Flk-1 (also known as Kdr) cells within the proepicardium that did not express Tbx18 (Fig. 4a) . No Nkx2.5-positive myocardial progenitors were observed within the proepicardium (Fig. 4b) . We also isolated fibroblasts from Tbx18-lineage-traced hearts. Consistent with our Col1a2-Cre-ER(T) 16 results (Supplementary Fig. 4g ), approximately one-third of cardiac fibroblasts expressed b-galactosidase (Fig. 3p) . Isl1-expressing second heart field progenitors contribute cardiomyocytes that ultimately reside in the outflow tract, the right ventricle, the ventricular septum, the left ventricle, the atria and the atrial septum 5, 20 . Tbx18-derived cardiomyocytes contributed significantly to the ventricular septum and atria as well as to small numbers of cells scattered throughout both ventricular walls (Figs 2d-i and 3c-g and Supplementary Figs 7a, b and 8) . A comparison of Tbx18:Cre, Isl1:Cre-and Isl1:Cre/Tbx18:Cre-lineage-traced hearts indicated complementarity of these two lineages (Fig. 3c and Supplementary  Figs 10 and 11a, b) , as demonstrated by quantitative analysis of myocytes isolated from lineage-traced hearts (ventricular septum, left ventricle and right ventricle; Supplementary Table 1) . Immunostaining and RNA in situ hybridization of Tbx18, Isl1 and MLC2a (also known as Myl7) revealed that Tbx18 was not co-expressed with Isl1 and MLC2a during early embryogenesis (Supplementary Figs  2a-e and 11c) .
We isolated Tbx18:Cre/R26R EYFP -lineage-traced proepicardial cells and cultured them under conditions to favour differentiation into cardiomyocytes or smooth muscle cells 21 . Immunostaining analyses demonstrated efficient conversion of Tbx18 lineages to myocytes or smooth muscle cells (Supplementary Fig. 12 ). To evaluate the pluripotency of individual proepicardial cells, single-cell clonal analysis was performed. Out of 336 single proepicardial cells plated on OP9 feeder layers, approximately 37% (124 out of 336) proliferated and formed clones by day seven. Forty clones were picked randomly, each dispersed into two wells, and cultured under conditions to favour either myocyte or smooth muscle cell fates. After five days of culture in differentiation medium, 34% of single-cell clonal derivatives differentiated into cardiomyocytes with an obvious striated cytoarchitecture and expressed cTnT (Fig. 4c) . Spontaneous contraction was observed in some wells after four days of culture (Supplementary Fig. 13 and Supplementary Video), and myocyte identity was further confirmed by calcium transients (Fig. 4e-g ). Each clone (40 out of 40) cultured with smooth muscle culture medium stained with smooth muscle myosin heavy chain (Fig. 4d) . No instances were observed where derivatives of a single clone formed only cardiomyocytes and not smooth muscle cells. This demonstrated that a large proportion of proepicardial cells are pluripotent and can adopt either cardiomyocyte or smooth muscle cell fates.
Adult epicardial cells can be activated to migrate in vitro and adopt vascular cell fates 22 . Migratory adult epicardial cells from Tbx18:nlacZ mice expressed Tbx18 (Supplementary Fig. 14) . To Cre/R26R lacZ adult mouse heart (6 weeks). Coronary vasculature (green arrows) is derived from Tbx18 lineages. Dense staining in the septum is visible (black arrow) c, X-gal staining of tissues from Tbx18:Cre/R26R lacZ adult mouse heart (6 weeks). Tbx18 can give rise to: cardiomyocytes within atria (arrows in c, inset 1 and Supplementary Fig. 8 ), the ventricular septum (black arrow in c, inset 2) and the ventricular wall (black arrow in c, inset 3); coronary vascular support cells (green arrows in c, insets 2 and 3); and atrioventricular valves (c, inset 4, high magnification for bicuspid valve). Most Tbx18-lineage-traced cells within the ventricular septum co-stained with cardiac troponin T (arrows in d-f; f is a high magnification of the lower panel of e), demonstrating they are cardiomyocytes. g, A subset of cardiomyocytes isolated from adult Tbx18-lineage-traced hearts exhibited X-gal-positive staining. h, Tbx18 lineages give rise to coronary vascular smooth muscle cells (co-localized with smooth muscle myosin heavy chain). i, Tbx18 lineages give rise to coronary artery smooth muscle cells (co-localized with NP-1, an artery marker). j, k, X-gal staining on Tbx18:nLacZ knock-in mice shows that Tbx18 expression is maintained in some coronary vascular smooth muscle cells from embryonic stages to adulthood. l-o, Tbx18 lineages do not give rise to coronary vascular endothelial cells (not co-localized with Pecam1, l). m, Coronary vascular endothelial cells were isolated from the hearts (green fraction) 26 and react with Pecam1 antibody (n, right panel), whereas Pecam1 2 fraction (purple) cells do not (n, left panel 25 demonstrated that approximately 30% of these cells derive from Tbx18 lineages. Abbreviations are as in Fig. 2. investigate whether postnatal and adult epicardium retains a similar pluripotency to that of the proepicardium, postnatal and adult epicardial cells isolated from Tbx18:Cre/R26R EYFP -lineage-traced mice were cultured on OP9 cells, and then subsequently cultured in myocyte-or smooth-muscle-specific differentiation medium. In contrast to results with proepicardial cells, adult epicardial cells did not convert to cTnT-expressing cells under these culture conditions (data not shown). Understanding the underlying causes of this difference in potential will have significant implications for the possible use of epicardial cells for cardiac repair.
Our data are consistent with a model whereby the first cells to enter the heart from the proepicardium/epicardium give rise to myocyte lineages, first observed at approximately E9.75, whereas subsequent Tbx18-positive epicardial lineages that will give rise to vascular support cells and fibroblasts are first observed entering the heart at approximately E12.5. Endothelial lineages within the proepicardium are distinct from those of Tbx18 cells (Supplementary Fig. 1 ). Tbx18 is not actively expressed within cardiac myocyte derivatives, but is observed in a subset of vascular smooth muscle and cardiac fibroblasts, in addition to the epicardium (Fig. 3j, k and Supplementary  Fig. 4g-i) .
Previous studies in avian embryos have failed to demonstrate that proepicardial lineages give rise to cardiomyocytes within the heart, although myocytic potential has been demonstrated in vitro [7] [8] [9] 23 . It is unknown whether observed differences reflect distinct experimental approaches or species-specific differences. In mouse, Tbx18-expressing cells of the septum transversum that are in continuity with the sinus venosus contribute to the myocardial sleeve of the latter 17 . These cells, however, never express Nkx2.5, in contrast to the Tbx18-derived intracardiac myocytes of the ventricles and atria described here. The distinct embryonic origin of a substantial number of cardiomyocytes from an epicardial lineage provides a new perspective on heart development and congenital or adult heart disease affecting these lineages.
METHODS SUMMARY
Whole-mount RNA in situ hybridization was performed on mouse embryos as described previously 24 . Tbx18:nlacZ/nGFP and Tbx18:Cre knock-in mouse models were generated to visualize Tbx18-expressing and lineage-traced cells throughout heart development, respectively. Fate-mapping of E11.5 epicardial cells was achieved by in situ dye labelling followed by heart explant culture in vitro 13 . Pure populations of adult cardiomyocytes and fibroblasts were isolated by means of perfused collagenase digestion by canulation of the aorta 25 . Adult heart endothelial cells were affinity-purified by Pecam1 antibody 26 . Adult epicardium was manually peeled as a monolayer sheet after a brief collagenase treatment. Pure isolations of Tbx18-lineage-traced proepicardial cells were accomplished by localized suction with a pulled-tip glass pipette. For single-cell clonal analysis, trypsin was used to dissociate cells. Single proepicardial cells were plated onto inactivated OP9 feeder layers. After proliferation, clones were dispersed and preplated onto gelatin, where differentiation was induced with specially designed media conditions 21 . Line-scan imaging was used to measure Ca 21 transients of myocytes loaded with Rhod-2-AM 27 . All immunohistochemical experiments were performed on cryosections of 4% paraformaldehyde-fixed tissues or cultured cells to determine lineage specification.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
